The signal recognition particle (SRP) enables cotranslational delivery of proteins for translocation into the endoplasmic reticulum (ER), but its full in vivo role remains incompletely explored. We combined rapid auxin-induced SRP degradation with proximity-specific ribosome profiling to define SRP's in vivo function in yeast. Despite the classic view that SRP recognizes amino-terminal signal sequences, we show that SRP was generally essential for targeting transmembrane domains regardless of their position relative to the amino terminus. By contrast, many proteins containing cleavable amino-terminal signal peptides were efficiently cotranslationally targeted in SRP's absence. We also reveal an unanticipated consequence of SRP loss: Transcripts normally targeted to the ER were mistargeted to mitochondria, leading to mitochondrial defects. These results elucidate SRP's essential roles in maintaining the efficiency and specificity of protein targeting.
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R egardless of their ultimate destination, nuclear-encoded genes are translated in the cytosol. In nonplant eukaryotes, two cellular locations serve as the major sites of translocation across lipid bilayers: the mitochondrial outer membrane and the surface of the endoplasmic reticulum (ER), the latter being the entry point for proteins in the secretory pathway. The role of the signal recognition particle (SRP) in mediating cotranslational ER targeting is well established. SRP recognizes N-terminal hydrophobic signals of nascent polypeptide chains and, through interaction with the ER-localized SRP receptor, directs them to the translocon (1).
This classical model, however, fails to capture the full diversity of SRP targeting strategies and SRP function, leaving open several unanswered questions. A substantial fraction of proteins containing N-terminal targeting sequences do not require SRP for translocation (2, 3) , and, in vitro, these are capable of posttranslational ER translocation (4, 5) . However, SRP was recently shown to be comparably associated with SRP-independent and -dependent nascent chains (6) ; whether this engagement is important for cotranslational targeting of SRP-independent proteins (6, 7) is unknown. Recent studies have also pointed to several nonconventional modes of SRP interaction with nascent chains in vivo. For example, SRP can be recruited to mRNAs before the targeting signal is accessible (6, 8, 9) , and in bacteria, SRP has been found to bind internal transmembrane domains (TMDs) (8) . However, a general role of SRP in enabling cotranslational targeting of eukaryotic proteins lacking N-terminal targeting sequences is not established. Furthermore, targeting to either the ER or mitochondria is highly specific, with minimal mistargeting or dual targeting of proteins (10) . In metazoans, the nascent polypeptide-associated complex (NAC) plays a critical role in this specificity by preventing the mistargeting of mitochondrial proteins to the ER (11). It is not understood how cells prevent mistargeting of ER proteins to mitochondria.
To address these issues, we sought to monitor cotranslational protein targeting after rapid SRP depletion. We used the plant-based auxin-induced degradation (AID) system (12) to induce acute and robust loss of one of the subunits of SRP, Srp72 (Fig. 1, A and B) . The depletion of Srp72 was rapid, with a half-life of about 5 min (Fig. 1C) . We used proximity-specific ribosome profiling (7), which utilizes a biotin ligase (BirA) localized to a subcellular location, such as the surface of the ER or the mitochondrial outer membrane, to label ribosomes at this location. Subsequent affinity purification of labeled ribosomes and sequencing of ribosome-protected mRNA fragments provide a snapshot of translation at that subcellular location.
To identify proteins that rely on SRP for efficient ER targeting in yeast, we performed a time course of proximity-specific ribosome profiling in the presence of cycloheximide (CHX) after Srp72 depletion using two ER-localized BirA fusions: Sec63-BirA ( Fig. 1D ) and BirA-Ubc6 ( fig. S1A ). Upon loss of SRP, transcripts of proteins previously predicted to be SRP-dependent (3) showed time-dependent depletion at the ER, validating our system. Transcripts of genes encoding internal TMDs, but lacking N-terminal targeting signals, also depleted from the ER upon loss of SRP on a similar time scale (Fig. 1D  and fig. S1A ) and at a similar magnitude ( Fig. 1E  and fig. S1B ). Thus, with the prominent exception of tail-anchored (TA) proteins and substrates of the SRP-independent targeting (SND) proteins whose TMDs are at or near the C terminus, respectively (13) (14) (15) , SRP is essential for targeting TMDs to the ER regardless of their distance to the N terminus.
By contrast, a prominent subset of mRNAs predicted to be SRP-independent remained at the ER throughout the 1-hour auxin treatment ( Fig. 1D and fig. S1A ). A small group of mRNAs is known to be cotranslationally targeted to the ER in the presence of CHX, which uncouples the kinetics of translation and ER targeting (7) . To ensure that the observed cotranslational targeting in the absence of SRP was not due to this effect, we performed a time course of Srp72 depletion and proximity-specific ribosome profiling without CHX treatment ( Fig. 2A) . In the absence of auxin treatment, the extent of ER enrichment for secretory-protein transcripts was reduced as compared to that observed in CHX-treated cells ( fig. S2 ), as expected (7) . Proteins containing targeting TMDs were nearly universally SRPdependent, whereas a prominent group of proteins containing cleavable signal peptides with low hydrophobicity remained efficiently cotranslationally targeted after prolonged SRP depletion ( fig. S3 ). The ER enrichment of transcripts encoding SRP-independent proteins observed at later time points theoretically could be due to polysome tethering of mRNAs, although the 1-hour duration of our time course was considerably longer than typical yeast mRNA half-lives (~10 min) (16) . To examine the effect of SRP depletion on de novo mRNA targeting, we induced expression of reporter mRNAs with b-estradiol under conditions of SRP depletion (Fig. 2B) , focusing on five genes representing a range of targeting signals ( fig. S4 ). In our ribosome profiling experiments, transcripts of three genes (SWP1, PST1, and FET3) displayed efficient ER targeting in SRP's absence ( Fig. 2A) . However, FET3 is predicted to be SRP-dependent, and its localization is independent of SEC72 (3), a factor implicated in translocation of some SRP-independent substrates (17, 18) . All three proteins showed ER localization by fluorescence microscopy, even when SRP was depleted (Fig. 2C) . By contrast, two proteins whose targeting was observed to be SRP-dependent, Erg5 and Tsc13, which have an N-terminal or an internal targeting TMD, respectively, failed to localize to the ER when SRP was depleted (Fig. 2C) . Consistent with the microscopy, in cells depleted of SRP, Fet3, but not Erg5, was glycosylated, indicating translocation into the ER (Fig. 2D) . Thus, SRP-independent proteins can be de novo cotranslationally targeted and translocated into the ER, even in the prolonged absence of SRP.
We next examined if loss of SRP can lead to mistargeting of proteins. Although the ER and mitochondria are connected (19) , targeting to these organelles is exquisitely specific (10) . To explore if SRP contributes to this specificity, we performed the proximity-specific ribosome profiling experiment using a mitochondrially localized BirA fusion (Fig. 3A) . Mitochondrial protein targeting was unaffected by loss of SRP ( fig. S5) . By contrast, a number of mRNAs were newly targeted to mitochondria, and most encoded for proteins normally cotranslationally targeted to the ER (Fig. 3A) . Transcripts that remained efficiently targeted to the ER in the absence of SRP were generally not mistargeted to mitochondria (Fig. 3B) . We observed the same set of mistargeted mRNAs in multiple replicates and with two different mitochondrially localized BirA fusions (Tom20 and Om45) and strain backgrounds (Fig. 3C) . Thus, a prominent subset of SRP-dependent substrates, including proteins with N-terminal and internal targeting sequences, were cotranslationally targeted to the mitochondrial surface in SRP's absence.
We next used our b-estradiol-inducible system (Fig. 2B) to visualize protein localization of six proteins ( fig. S4 ) consisting of five (Ole1, Erg5, Sct1, Orm1, and Nsg2) that displayed SRPdependent ER targeting and one (Swp1) that was SRP independent. In our ribosome profiling experiments, OLE1, ERG5, and SCT1 transcripts were consistently mistargeted to mitochondria, whereas ORM1 and NSG2 transcripts were not. In SRP-depleted cells, Ole1, Erg5, and Sct1 colocalized with mitochondria ( Fig. 3D and fig. S6 ), although whether these proteins cross the mitochondrial membranes is an open question. By contrast, Swp1, Nsg2, and Orm1 were predominantly colocalized with the ER or were observed in focal structure adjacent to the ER (Fig. 3D Costa and fig. S6 ), which might represent cytosolic aggregates.
In cells depleted of SRP for 1 hour, mitochondria lost their normal tubular structure and, instead, were more fragmented (Fig. 3D) . To examine how proximal this morphological defect is to SRP depletion, we imaged cells at various time points after auxin treatment (Fig. 4A and  fig. S7A ) and categorized mitochondrial morphology ( fig. S7B ). Mitochondrial morphology defects were observed at early time points (Fig. 4B) , before detection of ER stress ( fig. S7C ) and while ER morphology appeared normal ( fig. S8 ). The rapid emergence of mitochondrial morphology defects in cells suggests that they are not a secondary consequence of ER morphological defects; however, it is possible that the later, severe mitochondrial defects are affected by the ER defects. The observed mitochondrial fragmentation required synthesis of new proteins, because cells depleted of SRP and treated with CHX possessed predominantly tubular mitochondria ( fig. S9) . Thus, mistargeting of SRP-dependent proteins to mitochondria disrupts mitochondrial structure.
Three important principles of SRP action now emerge (Fig. 4C) . First, a prominent subset of proteins with cleavable N-terminal signal peptides is efficiently cotranslationally targeted to the ER in the complete and extended absence of SRP. Second, with the exception of proteins only containing TMDs at or near to the C terminus (13) (14) (15) , targeting and translocation of proteins with anchoring TMDs, regardless of their position relative to the N terminus, are fully dependent on SRP. Together with work in bacteria (8), our findings suggest that a universal feature of SRP's action is to engage TMDs across the length of the nascent chain. Third, our results reveal an unanticipated role for SRP in maintaining the specificity of organelle targeting. Without SRP, a subset of proteins becomes susceptible to aberrant cotranslational targeting to mitochondria reminiscent of the mistargeting of some TA proteins to mitochondria in the absence of Get3/TRC40 ER targeting factors (13) . This may reflect a more general tendency of hydrophobic or aggregation-prone proteins to be recruited to mitochondria (20) . Mistargeting in the absence of SRP triggered rapid mitochondrial fragmentation, an indicator of mitochondrial dysfunction. Consistent with SRP playing a role in maintaining mitochondrial integrity, yeast adapted for SRP deletions acquire rho -(respiration-deficient) phenotypes (21, 22) . This role of SRP parallels that of NAC, which can prevent mistargeting of mitochondrial proteins to the ER in metazoans (11) . Together, these observations illustrate the critical role of maintaining specificity of protein targeting for proper organelle function. Without SRP, SRP-independent proteins are targeted to the ER, and proteins not targeted to the ER can form aggregates (top) or be mistargeted to mitochondria (pink), leading to fragmentation.
